Flooded ecosystems are conditioned to seasonal floods that promote specific soil conditions, such as low oxygen, hydromorphism, and peculiar chemical reactions. ese environments are dependent on flood pulses that determine specific ecological conditions. Ipucas are seasonally flooded discontinuous forest patches that occur exclusively in the Araguaia Plain in Central Brazil. ey are located 0.40 to 1.20 m lower than the surrounding plain, which promotes an accumulation of rainwater for five to six months of the year, being entirely or partially dry during the dry season. e aim of this study was to evaluate the horizontal (centre and edge) and vertical (depths: 0-0.20 m and 0.20-0.40 m) variability of physicochemical parameters in Ipucas soils, attempting to establish the importance of flood pulses and the leaching of surrounding areas in soil formation and composition. Samples were collected during the dry season in three Ipucas of similar size and circularity using a Dutch auger. e results reveal that flood pulses promote the deposition of sediments eroded from the surrounding plain, homogenizing the characteristics of the surface soil, from the edge to the centre of the Ipucas. However, biogeochemical processes, also linked to temporary flooding, account for the differences between the surface and deeper soil horizons because anoxic conditions during flooding promote chemical reactions characteristic of anaerobic environments, modifying the pH and organic matter content, in addition to the gleying of soils subjected to flooding, which are then covered by sediments after the dry season. Finally, Ipucas soils are susceptible to anthropic changes and are dependent on seasonal flood pulses.
Introduction
Flooded ecosystems are formed by seasonal or permanent floods and are often characterized by soils exposed to anaerobic processes and conditions [1] as well as reactions such as ferrolysis and redox cycles [2] . In general, these soils are hydromorphic soils with peculiar physicochemical characteristics, and they are adapted morphologically and physiologically to the hydroperiod of the system and dependent on water balance, topography, and subsurface [3] . It is estimated that approximately 20% of the Brazilian territory is covered by flooded areas, most of them subject to different electrodes, ferric iron is reduced to a ferrous state, sulphate transforms to hydrogen sulphite, and CO 2 converts to methane; thus, these soils have a high potential for nutrient cycling.
In Brazil, most of the flooded ecosystems dry seasonally, unlike temperate environments, where the areas are permanently flooded, such as marshes and swamps [7] . e soils under seasonal flood conditions exhibit discontinuous changes in their properties with increasing depth [8] . In addition, relief conditions also influence soil formation and are responsible for altering soil moisture content, the intensity of erosion processes, leaching, the microclimate, and groundwater level [9] . us, the position occupied by the soil in a plain also influences the variability of its physicochemical attributes [10] .
Ipucas (or Impucas) are seasonally flooded forest patches located in depressions approximately 0.40 to 1.20 m lower than the surrounding plain. e intense rainy season and topography of the plains favour the development of flood pulses and the accumulation of water within these forest fragments, promoting a seasonal alternation between aquatic (December to May) and terrestrial (June to November) phases. Particular geomorphological features promote the natural emergence of these forest islands, occurring exclusively in the middle Araguaia Plain, in the states of Tocantins and Mato Grosso [11] . Eiten [12] and Marimon et al. [13] describe the Ipucas as temporally flooded forests that are heterogeneously distributed as forest patches in the middle of a nonflooded Cerrado (Brazilian savannah) vegetation matrix. e vegetation physiognomy is characterized by a dense structure, typically with two vegetation strata and a predominance of the following tree species: Calophyllum brasiliense Cambess, Vochysia divergens Pohl, Licania parvifolia Huber, and Sclerolobium paniculatum Vogel [14] [15] [16] [17] . In this regard, Ipucas differ from the Amazonian campinaranas (dryland forests on white sandy soil) that form mosaics of savannah and forest grassland formations, especially in the Negro River Basin [18] .
From an ecological perspective, Ipucas are important elements in the regional drainage system of the plain because they retain water from the surrounding areas during the rainy season and thereby establish a connection between the various rivers, streams, and lakes [14] . As wetlands, they provide high-value ecosystem services such as maintaining high diversity and productivity [19] [20] [21] and contribute significantly to global greenhouse gas transfer processes [22, 23] . Furthermore, they may be important conservation corridors, offering shelter and food for native fauna, because they are forest formations with structural floristics and physiognomics that differ from the adjacent area [24, 25] . According to Brito et al. [15] and Marimon et al. [13] , Ipucas occur in tension zones in the transition between the Cerrado and the Amazon forest, which makes them regions of extreme biological importance. Scientists have stated that flooded ecosystems are economically more valuable in their natural state than if drained or modified for other uses, over time [26, 27] . However, the advancement of the agricultural frontier in this region has incorporated areas adjacent to Ipucas into agricultural or pastoral systems, often exceeding the protection limits established by law, the goal of which is to aid in the conservation of soil and water resources [28] .
Martins et al. [14] performed a characterization of the pedoenvironments in the Araguaia Plain, discovering great diversity of soil types, with a predominance of gley, nutrientpoor soils, and subsurface plinthite and varying levels of organic carbon. Eutrophic Haplic Cambisols with marked chemical richness predominate in the highest area of the plain, whereas Plinthosols and Gleysols predominate in the lower areas, which are markedly poor in nutrients and acids, even under the forest formations of Ipucas. In addition, Martins et al. [14] reported a recent accumulation of organic matter in Ipucas due to the reducing acid hydromorphic environment, unlike the surrounding soil. is makes the study of these soils of great interest for identifying the factors impacting land use changes on the plain, especially agriculture, which can affect these regionally important flooded ecosystems.
In general, soils supporting natural vegetation have some variability in their physicochemical attributes, in both horizontal and vertical gradients [29] . In the case of the Ipucas, which belong to a spatially heterogeneous landscape, such gradients can define natural ecological boundaries that will create diverse structures, functions, and temporal dynamics [30] . e horizontal gradient may be associated with an edge effect, which corresponds to interactions in the contact zone between forest fragments or patches and neighbouring areas [31, 32] . Edges, unlike the interior, are subject to three effects: (i) abiotic, resulting from changes in microclimatic conditions (temperature, light); (ii) direct biotic, which correspond to changes in abundance and the distribution of plant species and microorganisms due to abiotic changes; and (iii) indirect biotic, resulting from changes in the interactions among species [31, 33] . us, soils along edges may have different physicochemical compositions due to the factors to which they are exposed.
is study addresses the horizontal and vertical variability of soils in seasonally flooded forest patches in the middle Araguaia Plain, the Ipucas, evaluating important aspects regarding their formation. To accomplish this, the physicochemical parameters of soils were analysed in the interior, at the edge (horizontal variation) and at different depths (vertical variation), attempting to identify the importance of local biogeochemical processes and sediment deposition promoted by flood pulses that leach soil particles from the surrounding areas to the interior of the Ipucas.
Methodology
e studied Ipucas are located at the Lago Verde farm, delimited by the Urubu River, Ribeirão Lago Verde, in the municipality of Lagoa da Confusão, state of Tocantins, Brazil. e region's climate is tropical, with two well-defined seasons: rainy, from October to April, and dry, from May to September [34] . For this study, three Ipucas were selected, in an area of 11.06 km 2 , given their proximity, similar size, and circularity index [24] . In addition, these Ipucas are located in a region where the adjacent areas are not yet used for agriculture or pasture and are therefore characterized as a native environment (Table 1 and Figure 1 ). Soil samples were collected from these fragments in August 2015, when the Ipucas were not yet flooded, obtained from the centre and at the edges of the Ipucas and at two soil depths or layers: 0-0.20 m and 0.20-0.40 m. e sampling was performed using a Dutch auger and was composed of five subsamples obtained within a 5 m radius in each Ipuca. After collection, the samples were stored in plastic bags and sent to the Arasolos Soil Analysis Laboratory, which performed the physicochemical analyses. For the physical attributes, the particle size distribution was evaluated, namely, the amount of clay (g/kg), silt (g/kg), and total sand (g/kg). e following chemical parameters were analysed: organic matter (OM-g/dm 3 ), organic carbon (C organic -g/dm 3 ), active acidity (pH-CaCl 2 ), potassium (K-mmolc/dm 3 First, the soils were classified according to texture based on the proportions of clay, silt, and total sand of the locations and depths analysed, following the methodology proposed by EMBRAPA [36] . en, the results were tested for normality using the Shapiro-Wilk test (p < 0.05); due to the lack of a normal distribution, the data were square root transformed. Next, ANOVA (analysis of variance) was calculated to identify significant differences in the parameters analysed between the locations (centre and edge) and between the depths (0-0.20 m and 0.20-0.40 m). Differences in the ANOVA were evaluated by Tukey's test (p < 0.05). A completely randomized design (CRD) was applied with split plots, where the plots were the locations, and the subplots were the depths analysed. e statistical analyses were performed using SISVAR software [37] .
Results
e soils at the centre and edge of the Ipucas at a depth of 0-0.20 m were classified as sandy loam (Plinthosol) and at depths of 0.20-0.40 m as sandy clay loam (Gleysol) ( Figure 2 ). e soil texture differed in the depth gradient but Applied and Environmental Soil Science not in the longitudinal gradient of the ecosystem (centre and edge). e chemical attributes OM, C organic , K, Ca, Mg, Zn, and SB did not di er statistically between the locations but were signi cantly di erent between the depths, with the more super cial layers exhibiting a higher concentration than the deeper layers. e attributes pH, P, and CEC exhibited signi cant di erences both for depth and location. For the variable pH, the soil is more acidic in the surface layers compared with the deeper layers. Regarding the location, the soil is more acidic in the centre, compared with the edge only at a depth of 0-0.20 m, with no di erence in the deeper layers. e P content was higher at the soil surface compared with the deeper layers and was higher in the centre than in the edges. e CEC value at the surface is greater than at a depth of 0.20-0.40 m and greater in the centre than in the edge only at a depth of 0-0.20 m, not di ering at depths of 0.20-0.40 m.
e Fe concentration in the Ipucas soil was signi cantly di erent between the depths, with a higher value at 0-0.20 m compared with 0.20-0.40 m and exhibited signi cant differences between the centre and edge only at a depth of 0-0.20 m, with higher concentrations at the centre. For the Mn concentration, the di erence between depths was observed only at the edge of the Ipucas, with higher values at depths of 0-0.20 m. Regarding the location, higher concentrations were found at the centre than at the edge only at a depth of 0.20-0.40 m. For Al, the values exhibited signi cant di erences with depth only at the centre, where the surface layers had a higher concentration than the deeper layers. Regarding the location, signi cantly higher Al concentrations were observed at the centre than at the edge. Finally, the values of V% and m% did not di er statistically according to the depths and locations studied ( Table 2 ).
Discussion
Ipucas soils exhibited no signi cant di erences between the centre and edge locations for most chemical variables and the texture analysis. It is proposed here that this homogenization is due to the occurrence of a ood pulse, which leaches the ne sediments from the highest areas of the plain to the interior of the Ipuca, leaving it ooded with relatively stagnant water such that the transported sediments are distributed in a homogeneous manner throughout the surface soil of the entire fragment from the edge to the centre. According to Coringa et al. [2] , hydromorphic soils are subject to natural alternation of ooding and dry periods, leading to a formation that is closely related to the nature of the source material and to the deposition and sedimentation processes. Martins et al. [14] stated that variations in the proportions of silt, clay, and sand in ooded areas of the Araguaia Plain re ect sedimentological variations, not pedogenetic variations, corroborating the ndings of the sandy surface soils with low horizontal variability in Ipucas.
is homogenizing e ect was potentiated by the small size and circularity of the Ipucas, which decrease the edge e ects on soil-forming biogeochemical processes and may indicate that a disturbance in the vicinity of Ipucas will a ect the entire fragment and not only its boundaries with the adjacent disturbed ecosystem. is indicates the high fragility of the Ipuca ecosystem, which is subject to deleterious e ects of any disturbance throughout its entire area, decreasing the likelihood of recovery or restoration.
Vertical variability (between depths) was observed for most chemical parameters and for the soil texture, which was characterized by more clay at a depth of 0.20-0.40 m. Ramos et al. [38] and Sousa et al. [39] , studying the wetlands of veredas (palm swamps) in the Brazilian Cerrado, also identi ed the highest level of clay composition as being in the soil subsurface (0.40 m), compared with the surface layers, indicating that such variability may be common in ooded environments of the Cerrado. Although poor in nutrients, Ipucas soils were characterized by higher organic matter content on the surface. e di erence in OM and C organic content present between the studied depths is expected in flooded environments due to the sediment deposition process promoted by the flooding that enriches the surface layers with leachate from adjacent ecosystems [40] and that are added to the accumulation of senescent plant matter in the previous dry season. Organic matter directly and indirectly controls various soil attributes [41] because it improves the physical conditions of the substrate, increases the soil microbiota, retains moisture, and controls the thermal range, hydraulic conductivity and density, resulting in increased soil cation exchange capacity and nutrient retention [42] [43] [44] [45] [46] . In addition, Ipucas soil is saturated with water due to flood pulses; thus, much of the nutrients may be bound to the humic fraction, which also promotes a higher CEC value, according to Ribeiro et al. [47] . e greater CEC at the surface, compared with that at a depth of 0.20-0.40 m, reflects the active decomposition processes occurring therein of both the organic matter brought by the flood pulse and the input of senescent forest plant matter. According to Graf-Rosenfellner et al. [8] , the progression of the development of temporally flooded soils causes a continuous decrease in C organic content with depth, especially of fractions with fast and intermediate turnover. e soils of forest ecosystems of the Cerrado and Amazon biomes in northern Brazil are largely poor in mineral nutrients, making their maintenance closely dependent on biogeochemical cycles [48] , which leads to the rapid turnover of carbon and other nutrients as soon as available. us, OM accumulated in the surface soil of Ipucas is a result of insoluble by-products, such as humic and fulvic acids, from the decomposition process of deposited plant material ( [14, 24] , Barbosa et al., unpublished data), which explains the acidity in the surface layer.
Acidity may also be evidence of the oxidation and reduction of Fe under aerobic and anaerobic conditions, common in Ipucas, as described by Faulkner and Richardson [6] and Warmling et al. [49] . According to these authors, ferrolysis involves soil acidification and destruction of clays under the influence of exchange reactions involving Fe in alternating cycles of oxidation (dry period) and reduction (flooding period). In other words, in the absence of oxygen, due to the saturation of the soil with water and with the reduction in organic matter, Fe oxides and hydroxides are Uppercase letters represent the significant difference in depth (0-0.20 m and 0.20-0.40 m), whereas the lowercase letters represent the significant difference in location (center and border). Means followed by the same letter did not differ statistically by Tukey's test (p < 0.05). e coefficient of variation (CV) 1 corresponds to the variation within the localities, and the coefficient of variation (CV) 2 shows the variation within the depths.
reduced to Fe 2+ . However, as air comes into contact with the soil in the subsequent dry period, an oxidation phase is initiated, where exchangeable Fe 2+ is oxidized to insoluble hydroxide Fe 3+ . Part of this process occurs without the destruction of clay, which is then preserved in the deepest soil horizons, as observed in the Ipucas, which exhibited a higher percentage of clay in the deepest layers. Soil pH values that are considered acidic, approximately 3.92 to 4.23 (CaCl 2 ), seem to represent the typical conditions of soils of the Araguaia Plain, which is probably due to the hydromorphism of soils in the region [14, 50, 51] . e pH exerts a strong influence on the dynamics of various metal ions, which are more mobile under conditions of low pH, especially in soils with a high degree of weathering [52] . ese acidic conditions may also be related to the insoluble byproducts generated from the OM decomposition and high concentrations of Al [53] , which may have promoted a decrease in the availability of other minerals such as P, Ca, Mg, and K [54, 55] . Fe and Mg are important elements in the formation of hydromorphic soils by ferrolysis [6, 49] . e higher Fe concentrations in the surface layers and in the centre may be related to leaching by rainwater [56] , which brings plinthite-rich materials from the uplifted edges of the plain, composed primarily of Petric Plinthosol on a lateritic iron crust (cangas), as discussed by Martins et al. [14] .
In addition, the studies by Martins et al. [14] and Barbosa et al. [57] demonstrated the hydromorphism of Ipucas Gleysols, influenced by the groundwater level near the surface and surface layers characterized by acidic OM and higher surface carbon contents. Some of the nutrients, especially P, are concentrated or bound to the humic fraction at the surface. Martins et al. [14] showed that compared with the surrounding soils of the varjão (periodically flooded land with its hummocks), Ipucas soils are chemically richer, with higher Ca, Mg, and P contents, although they are acidic and have low CEC levels. e levels of exchangeable Al are very high in Ipucas soils and are associated with organic matter at the surface.
Conclusion
e spatial variability of soil physical and chemical properties in natural environments is essential for understanding soil formation and evolution processes [58] [59] [60] . us, it is demonstrated here that the formation of Ipucas soils is dependent on the sediment deposition process during a flood pulse, which results in a horizontal homogenization (centre and edge) promoting a nonsignificant edge effect (i.e., horizontal leaching homogenizes the soil characteristics within the Ipucas forest patches). e vertical variation (between depths) identified in the chemical and structural composition of the soils is likely the result of the deposition of fine sediments due to the low velocity of the flooding water and high persistence of this water depth leading to ferrolysis reduction processes, which are responsible for the characteristic hydromorphism and discontinuity of physical and chemical properties with increasing depth. On average, during the rainy season, Ipucas are submerged with water depths of 1.5 m [61] , which can promote a mechanical force capable of producing vertical variability in the soil. us, the characteristic relief forms the depressions where the hydromorphism processes derived from the seasonal flood pulses form peculiar soils, which house unique forest patches, in the Araguaia Plains. e functional cycling processes of organic matter and nutrients of Ipucas strongly depend on flood pulses and the input of materials from neighbouring ecosystems, reinforcing the conclusions of Martins et al. [14] . Ipucas soils are susceptible to anthropogenic changes that may alter the hydrological cycle and soils of the Araguaia Plain as a whole.
